The peroxisome-proliferator activated receptor g (PPARg) is expressed in the hypothalamus in areas involved in energy homeostasis and glucose metabolism. In this study, we created a deletion of PPARg brain-knockout (BKO) in mature neurons in female mice to investigate its involvement in metabolism and reproduction. We observed that there was no difference in age at puberty onset between female BKOs and littermate controls, but the BKOs gave smaller litters when mated and fewer oocytes when ovulated. The female BKO mice had regular cycles but showed an increase in the number of cycles with prolonged estrus. The mice also had increased luteinizing hormone (LH) levels during the LH surge and histological examination showed hemorrhagic corpora lutea. The mice were challenged with a 60% high-fat diet (HFD). Metabolically, the female BKO mice showed normal body weight, glucose and insulin tolerance, and leptin levels but were protected from obesity-induced leptin resistance. The neuronal knockout also prevented the reduction in estrous cycles due to the HFD. Examination of ovarian histology showed a decrease in the number of primary and secondary follicles in both genotypes due to the HFD, but the BKO ovaries showed an increase in the number of hemorrhagic follicles. In summary, our results show that neuronal PPARg is required for optimal female fertility but is also involved in the adverse effects of diet-induced obesity by creating leptin resistance potentially through induction of the repressor Socs3. (Endocrinology 158: 121-133, 2017) T hiazolidinediones (TZDs) are a class of drugs that activate the nuclear receptor peroxisome-proliferator activated receptor g (PPARg) and improve blood glucose control and insulin sensitivity in patients with type 2 diabetes mellitus (1). TZDs also induce weight gain in humans and rodent models not only by promoting adipogenesis and fluid retention, but also by increasing food intake (2, 3). Consistent with this, PPARg is expressed in key brain areas involved in energy homeostasis and glucose metabolism (4). We have previously shown that neuronal PPARg increases weight gain in male mice when placed on a high-fat diet (HFD), mediates the HFD-induced hypothalamic leptin resistance, and is required for the improvement of liver insulin sensitivity upon rosiglitazone treatment (5). Food intake and energy homeostasis are controlled by a hypothalamic melanocortin circuit involving neuropeptide Y (NPY), proopiomelanocortin (POMC), agouti-related peptide (AgRP), and cocaine and amphetamine-regulated transcript (CART) expressing neurons in the arcuate nucleus (ARC) (6). Insulin and leptin
T hiazolidinediones (TZDs) are a class of drugs that activate the nuclear receptor peroxisome-proliferator activated receptor g (PPARg) and improve blood glucose control and insulin sensitivity in patients with type 2 diabetes mellitus (1) . TZDs also induce weight gain in humans and rodent models not only by promoting adipogenesis and fluid retention, but also by increasing food intake (2, 3) . Consistent with this, PPARg is expressed in key brain areas involved in energy homeostasis and glucose metabolism (4) . We have previously shown that neuronal PPARg increases weight gain in male mice when placed on a high-fat diet (HFD), mediates the HFD-induced hypothalamic leptin resistance, and is required for the improvement of liver insulin sensitivity upon rosiglitazone treatment (5) . Food intake and energy homeostasis are controlled by a hypothalamic melanocortin circuit involving neuropeptide Y (NPY), proopiomelanocortin (POMC), agouti-related peptide (AgRP), and cocaine and amphetamine-regulated transcript (CART) expressing neurons in the arcuate nucleus (ARC) (6) . Insulin and leptin inhibit NPY/AGRP neurons and activate POMC/CART neurons to suppress food intake and increase energy expenditure integrating central and peripheral metabolism (7) . Obesity causes both hypothalamic insulin (8) and leptin resistance (9) and also causes inflammation peripherally and in the hypothalamus (10, 11) .
Gonadotropin-releasing hormone (GnRH) is the central regulator of the hypothalamic-pituitary-gonadal (HPG) axis that controls mammalian reproductive function (12) . It is released from the median eminence of the hypothalamus in a pulsatile manner and acts on anterior pituitary gonadotropes to stimulate the synthesis and release of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) (13) . GnRH neuronal activity is controlled by kisspeptin release from Kiss1 neurons in the ARC and anteroventral periventricular nuclei (14) , and kisspeptin signaling is an essential regulator of fertility and puberty in numerous mammalian species, including humans (15, 16) . Interestingly, Kiss1 neurons arise from POMC progenitor cells (17) , and activation of Kiss1 neurons triggers glutamatergic signaling to POMC and AGRP neurons, leading to depolarization or hyperpolarization, respectively (18) . NPY/AGRP neurons inhibit (19) but POMC/CART neurons stimulate the HPG axis (20) , and melanocortin fibers make synaptic contact with Gnrh1 and Kiss1 neurons. Leptin is essential for pubertal development, and mice lacking either leptin (ob/ob) or its receptor (db/db) are infertile in addition to being obese (21, 22) . The effects of leptin on fertility seem to be mediated by AgRP, as ablation of AgRP neurons restores fertility in the db/db mice, and AgRP overexpression impairs fertility (23) . Although the effects of leptin on puberty are well documented, the lack of pubertal development in knockout mice has hindered studies of leptin's effects on adult fertility (21, 22) .
The role of PPARg in the regulation of reproduction is less clear. Previously, PPARg was reported to influence reproduction, acting in either the pituitary or the ovary (24, 25) . Genetic studies have linked polymorphisms in PPARg to polycystic ovary syndrome (PCOS), suggesting a connection between PPARg activation and HPG axis function (26, 27) . PCOS is the major cause of anovulation and infertility and affects 5% to 10% of women of reproductive age (28) . One of the characteristics of PCOS is increased circulating LH and normal or decreased FSH levels (29, 30) . Alterations in LH pulses have also been observed, suggesting a hypothalamic or a pituitary defect. TZD therapy in PCOS decreases serum LH and androgen levels and increases ovulation rate (31) . Although these drugs are known to have insulin-sensitizing effects, the mechanism underlying the action on the HPG axis is not understood. Clinical studies by Mehta et al. (32) showed that pioglitazone therapy reduces the amplitude of serum LH response but not the GnRH dose response, indicating that pituitary response is altered in vivo. This could be a direct effect of TZDs on the pituitary, as we have previously published that PPARg impairs GnRH signaling in immortalized pituitary gonadotropes, and loss of PPARg causes elevated LH (33) or an indirect effect resulting from changes in circulating androgens. Furthermore, PPARg action in the ovary is also important for ovulation (25) . In this study, we deleted PPARg in neurons to investigate the role of neuronal PPARg in metabolism and reproduction in female mice.
Methods

Animals
Male Ppargflox/flox mice (34, 35) were bred with female Syn1-Cre mice (36) to generate female Ppargflox/+:Cre mice, which were then bred to Ppargflox/flox male mice to obtain Ppargflox/flox:Cre mice [referred to as brain-knockout (BKO)] and Ppargflox/flox littermate controls (referred to as Flox). The Syn-Cre allele was always maintained on the female side, as Syn-Cre expresses in the testis (37) . Syn-cre mice express the cre transgene as early as e12.5 in differentiated neurons throughout the brain (36) . Recombination has been observed in neurons in the cornu ammonis 3 and dentate gyrus of the hippocampus, layers IV/V of the cortex, cerebellum, thalamus, and brain stem and in multiple hypothalamic nuclei, including the arcuate, dorsal medial, ventral medial, paraventricular, and suprachiasmatic nucleus (38) (39) (40) . However, the transgene has been reported to have only limited expression in NPY and POMC neurons in the ARC and in cornu ammonis 1 neurons in the hippocampus (39, 40) . Mice were housed in a 12-hour light, 12-hour dark cycle. Males and females had access to standard chow and water ad libitum. At 15 weeks of age, cohorts of female and male mice were fed either a 60% HFD (Research Diets D12492) or a 10% low-fat diet (LFD; Research Diets 12450B). Major lipid components of the HFD are derived from lard and include 20% palmitic acid, 11% stearic acid, 34% oleic acid, and 29% linoleic acid, resulting in 32% saturated fat and 36% monounsaturated and 32% polyunsaturated fat. Food intake and body weight were measured weekly. Mouse procedures conformed to the Guide for Care and Use of Laboratory Animals of the US National Institutes of Health and were approved by the Institutional Animal Use and Care Committee of the University of California, San Diego.
Puberty onset and fertility assessment
Male and female pups were weaned at 21 days of age. Weights were recorded daily from 21 to 37 days of age for both sexes. Female pups were checked for vaginal opening as a sign of onset of puberty. Six-to 8-week-old BKO and Flox mice were paired in different combinations and bred over a period of 6 months. Average days before the first litter and average number of pups born to the indicated breeding pairs were recorded and analyzed. Estrous cycles were monitored in female mice by vaginal cytology for 3 weeks starting at 12 weeks of age, or after 6, 12, or 20 weeks on diets. Ovulation was assessed by superovulating mice using a pregnant mare serum gonadotropins/human chorionic gonadotropin (hCG) protocol (5 IU of pregnant mare serum gonadotropins subcutaneous followed 48 hours later by 5 IU of hCG subcutaneous). Mice were euthanized 16 hours post hCG, and the oocytes were harvested from the oviducts and counted manually under a light microscope (41) .
Tissue collection and histology
Ovaries, brain, pituitaries, and other tissues were harvested at euthanasia for both histology and RNA extraction. Paraffinembedded sections (5 mm) were cut, dewaxed, and stained with hematoxylin and eosin. Follicle number and stage and corpora lutea number were counted on 3 to 5 sections from ovaries from 3 to 4 mice per group and are presented as mean number per ovary (42) . Follicle stages were defined as follows: 1°as having a single layer of cuboidal granulosa cells (GCs), 2°as having 2 or more layers of cuboidal GCs but no antrum, early antral as having small patches of clear space between GCs, antral as having clearly defined antrum, and atretic as having irregular oocyte morphology. Ovarian sections examined were separated by 25 mm. Images were scanned using Aperio ImageScope and analyzed using the Imagescope software (Leica, Buffalo Grove, IL).
Gene expression
Total RNA was extracted from the tissues using RNAbee (Tel-Test Inc., Friendswood, TX) and RNA purification kits from QIAGEN (Germantown, MD) or Macherey-Nagel (Bethlehem, PA) following the manufacturers' instructions. First-strand complementary DNA was synthesized using a HighCapacity cDNA Synthesis Kit (Applied Biosystems, Waltham, MA). Quantitative polymerase chain reaction (qPCR) assays were run in 20-mL triplicate reactions on a MJ Research Chromo4 instrument (Bio-Rad, Hercules, CA) or in 7-nL reactions on a BioMark HD System (Fluidigm, South San Francisco, CA). Gene expression levels were calculated after normalization to the housekeeping genes m36B4, Gapdh, or RpII, using the 2 -ΔΔCt method and expressed as relative messenger RNA (mRNA) levels compared with the control.
Gonadotropin measurements
Blood (20 mL) was collected from the tail vein of males and from females at diestrus and proestrus, and plasma was prepared. Plasma LH and FSH levels were measured by custom duplex Luminex assay based on the rat pituitary panel (catalog number RPT86K; Millipore, Temecula, CA) in singlets. Sensitivity of the assay was as follows: LH, 4.9 pg/mL, and FSH, 47.7 pg/mL with an intra-assay coefficient of variation of 15%. After 6, 12, and 20 weeks on the diets, female mice were bled in the morning of diestrus and at the time of the proestrus surge (6 PM). Plasma LH and FSH levels were measured by Luminex assay (catalog number MPTMAG-49K). Sensitivity of the assays was as follows: LH, 4.9 pg/mL, and FSH, 24.4 pg/mL. For the GnRH stimulation test, tail vein blood was collected before and 10 minutes after intraperitoneal (IP) injection of 1 mg/kg GnRH, and gonadotropins were measured.
IP glucose tolerance and insulin tolerance tests
Female mice were subjected to IP glucose tolerance tests after 17 weeks on diets and insulin tolerance tests after 20 weeks. Mice were fasted for 6 hours starting at 6 AM and then injected intraperitoneally with glucose (1 g/kg body weight) or insulin (0.4 for LFD or 0.75 U/kg body weight for HFD). Tail vein blood glucose was measured at 0, 15, 30, 45, 60, 90, and 120 minutes after injection using a glucometer (OneTouch Ultra; Bayer, Pittsburgh, PA).
Insulin, leptin, and steroid measurements
Animals were fasted for 6 hours. Fasting blood glucose concentration was measured on tail vein blood using a glucometer (OneTouch Ultra; LifeScan Inc, Milpitas, CA). Blood (50 mL) was drawn from the tail vein in EDTA-coated capillary tubes, and plasma was obtained by centrifugation at 4°C. Fasting insulin and leptin were measured on plasma using the Mouse Metabolic Kit (Meso Scale Discovery, K15124C-2, Rockville, MD). Sensitivity of the assay was: leptin, 43 pg/mL; insulin, 15 pg/mL; and coefficient of variation, 6% and 12%, respectively. Estrogen, progesterone, and testosterone were measured using a Custom Steroid Hormone Panel Kit (Meso Scale Discovery). Sensitivity of the assay was: estradiol, 5 pg/mL; progesterone, 70 pg/mL; testosterone 20 pg/mL; and coefficient of variation, 7%, 15%, and 22%, respectively.
In vivo leptin sensitivity test
We measured food intake in individually housed mice injected with leptin (0.5 or 1 mg/kg intraperitoneally; National Hormone and Peptide Program, Torrance, CA) at 12-hour intervals for a total of 4 consecutive doses. Food intake and body weight were measured throughout the 48-hour period and compared with a 48-hour period in which animals received twice daily IP injections of vehicle (phosphate-buffered saline).
Statistical analysis
Data were analyzed by 1-way or 2-way analysis of variance followed by Tukey multiple comparison posttest or Student t test as appropriate using Prism (Graph Pad, La Jolla, CA). Normality was assessed by the D'Agostino-Pearson omnibus normality test. Results were expressed as mean 6 SE and considered significant with P , 0.05.
Results
Neuronal deletion of PPARg
PPARg was deleted from mature neurons by crossing Pparg floxed mice with mice expressing cre recombinase under control of the synapsin promoter (syn-cre) as published previously (5) . Littermates that lacked the syn-cre allele were used as controls (Flox). Neuronal deletion was confirmed by polymerase chain reaction amplification of the recombined allele [ Fig. 1(A) ]. Recombination was observed in brain and also in testis, so the cre allele was always bred from the maternal side to prevent germline recombination. To verify brain-specific deletion of PPARg in BKO mice, we isolated RNA from brain regions and from peripheral tissues for measurement of PPARg mRNA abundance. Pparg expression was quantified by qPCR. There was a significant reduction in Pparg gene expression in the hypothalamus but not in other tissues [ Fig. 1(B)] . Surprisingly, the expression was not reduced in whole brain, but Pparg is also expressed in astrocytes that may mask changes in expression in neurons. Immuno-histochemical staining for PPARg protein showed reduced staining in Fig. 2(B) ]. Fertility was assessed by mating pairs of mice over a period of 6 months. None of the breeding pairs showed a difference in the days until first litter [ Fig. 2(D) ]. Litter size was significantly smaller for the BKO pairs irrespective of whether the BKO was paternal or maternal, suggesting that the deletion impairs both female and male fertility [ Fig. 2(E) ]. The BKO breeding pairs also had fewer litters than Flox/Flox breeding pairs over the course of the study [ Fig. 2(F) ]. Like the time until first litter, the time between litters was no different for BKO pairs [ Fig. 2(G) ].
Neuronal deletion of PPARg causes hemorrhagic corpora lutea in female mice
Ovarian histology was assessed from female BKO and Flox mice. The most striking difference was the presence of hemorrhagic corpora lutea in the BKO [ Fig. 3(A) , arrows] that were not seen in the ovaries from the Flox littermates. Estrous cycles were monitored for 21 days, and there was no difference between BKO and Flox mice in the number of cycles or mean cycle length [Supplemental Fig. 1(E) ]. Diestrus estradiol and progesterone levels were unchanged [Supplemental Fig. 1  (F) ]. We assessed the ovulatory capacity of the mice by superovulating and collecting oocytes. The BKO showed a significant decrease in the number of oocytes released [ Fig. 3  (H) ], confirming an ovulation defect.
Diet-induced obesity impairs metabolism in female BKO mice
We had previously published that high-fat feeding in wild-type mice reduces serum FSH levels in males and disrupts the LH proestrus surge in females (43) . Therefore we placed female BKO mice and Flox littermates on a 60% HFD for 24 weeks to test the effect of diet-induced obesity on female BKO mice. A defined 10% LFD was used as a control instead of normal chow to avoid spurious results due to undefined nutrients in the normal chow. We did not observe any difference in weight gain over the 24 weeks of high-fat feeding for the 2 genotypes [ Fig. 4(A) ]. Female BKO mice gained weight at the same rate as female Flox littermates, unlike their male counterparts (5). Glucose tolerance tests indicated the BKO and Flox mice become equally glucose intolerant on HFD [ Fig. 4(B) ]. Fasting blood glucoses were significantly higher on HFD as were fasting insulin levels [ Fig. 4(C) ], and as a result, homeostatic model assessment of insulin resistance (HOMA-IR) was also significantly higher on HFD. Insulin tolerance tests indicated that the BKO and Flox mice had the same insulin sensitivity as Flox mice whether on LFD or HFD [ Fig. 4(D) ]. Leptin levels were equivalently elevated in both BKO and Flox mice after 24 weeks of HFD [ Fig.  4(E) ] but leptin sensitivity was altered. Flox mice on LFD showed the expected suppression of food intake after leptin injection, but Flox mice on HFD were completely resistant to leptin's anorexigenic effect [ Fig. 4(F) ]. BKO mice showed the same leptin sensitivity on LFD that was not significantly different on HFD [ Fig. 4(F) ], as we had observed for male BKO mice (5). Thus like the male BKO mice, the female BKO mice are protected from obesity-induced leptin resistance despite having equivalent body weights. . In contrast, the BKO mice only showed a time-dependent decrease (P = 0.024), and there was no further effect of HFD [ Fig. 5(A) ]. The length of the estrous cycles also varied. Cycle data were combined for the 6-, 12-, and 20-week time points to increase statistical power. The Flox mice showed a median cycle length of 5 days irrespective of diet, but the BKO mice showed a median cycle length of 6 days on the LFD, with a significant decrease in the number of 5-day cycles [ Fig. 5(B) ]; however, the HFD group showed a median 5-day cycle like the Flox mice. The mean cycle length was also significantly longer for the BKO mice compared with the Flox mice on the LFD [ Fig. 5(C) ]. When the time spent in each stage was assessed, the Flox mice, but not the BKO mice, showed a time-and diet-dependent decrease in the days at proestrus [P = 0.004 and 0.002, respectively; Fig.  5(D) ]. No significant differences were found in the time in Steroid levels were measured in serum samples taken from mice before and after HFD. Estradiol and testosterone levels were not changed by diet or genotype irrespective of the LH surge [ Fig. 6(A) ], but progesterone was markedly increased (P = 0.0001) in samples from mice with LH surges [ Fig. 6(A) ], confirming that a surge had occurred, and putting the mice on the HFD decreased the surge progesterone in both genotypes [ Fig. 6(A) ]. We assessed ovarian gene expression after euthanasia. Aromatase expression (Cyp19a1) was strongly suppressed by the HFD in the Flox mice but was unchanged in the BKO . The Flox mice on LFD group is shown in white, the Flox mice on HFD group is shown in red, the BKO mice on LFD group is shown in green, and the BKO mice on HFD group is shown in blue. Flox mice are shown by circles, and BKO mice are shown by squares. Body weights on LFD or HFD show a time effect (P , 0.0001) but no genotype effect or interaction by repeated measures 2-way ANOVA. (B) IP glucose tolerance tests (1 g/kg body weight) performed on mice after 17 weeks on diets. Tail vein glucose was measured over 120 minutes (mean 6 SEM; ****P , 0.0001) for diet effect. (C) Fasting blood glucose (FBG), fasting insulin, and HOMA-IR measurements for Flox and BKO mice (mean 6 SEM). Fasting blood glucose, fasting insulin, and HOMA-IR showed significant diet effects (P = 0.005, 0.028, and 0.025, respectively) by 2-way ANOVA. (D) Insulin tolerance tests performed on mice after 20 weeks on diets. Mice on LFD received 0.4 IU/kg insulin, whereas those on HFD received 0.75 IU/kg due to their insulin resistance. Tail vein glucose was measured over 120 minutes (mean 6 SEM). (E) Fasted leptin levels in Flox and BKO mice after 20 weeks on LFD or HFD (mean 6 SEM). Leptin showed a very significant diet effect (P , 0.0001). (F) Leptin suppression of food intake. Mice received daily injections of leptin for 2 days and then injections of saline for 2 days, and food intake was measured (mean 6 SEM). Suppression of food intake showed a significant diet effect (P = 0.0041) primarily in the Flox mice. Asterisks indicate statistical significance as indicated (*P , 0.05, ** P , 0.01, ***P , 0.001, and ****P , 0.0001). ITT, insulin tolerance test. doi: 10.1210/en.2016-1818 press.endocrine.org/journal/endomice [ Fig. 6(B) ]. Cyp11a1 increased in the BKO mice on HFD but Star, Hsd17b1, Hsd3b1, and Cyp17a1 did not change significantly. Examination of ovarian histology showed significant differences between groups [ Fig. 7(A) ]. The HFD decreased the number of primary/secondary follicles in both the Flox and BKO mice [ Fig. 7(B) ; P = 0.03]. The number of early antral and antral follicles was no different in BKO mice or Flox mice on either diet, but the number of atretic follicles was selectively increased in the BKO mice (P = 0.019), especially on the LFD. The number of hemorrhagic follicles [ Fig. 7(A) ] was significantly higher in the BKO on HFD [ Fig. 7(C) ]. The number of new corpora lutea (with a defined boundary) was unchanged, but the number of regressing corpora lutea (no well-defined boundary) was increased in the BKO (P = 0.01), particularly on the HFD [ Fig. 7(D) ], suggesting impaired luteolysis in the BKO mice.
To gain insight into potential explanations for the reproductive phenotype, we measured the expression of selected inflammation and neuroendocrine genes by qPCR in hypothalamic RNA from a second cohort of male BKO mice on HFD. As expected, Pparg showed a genotype-dependent decrease in expression in the hypothalamus due to the knockout [Supplemental Fig.  4(A) ]. Gfap expression was unchanged, indicating that Number of cycles over time on diets. A cycle was defined as a day of diestrus, followed by a day of proestrus and then a day of estrus. The Flox mice on LFD group is shown in white, the Flox mice on HFD group is shown in red, the BKO mice on LFD group is shown in green, and the BKO mice on HFD group is shown in blue. Data are shown as mean 6 standard error of the mean (SEM). Flox mice showed a significant time and diet effect by 2-way ANOVA, but BKO did not show a difference with diet. (B) Distribution of cycle length for Flox and BKO on LFD and HFD. Cycle length was defined as the end of estrus to the end of the next estrus. Data from 6, 12, and 20 weeks was combined. (C) Mean cycle length (mean 6 SEM). Cycle length showed a genotype effect (P = 0.01) and a significant interaction of genotype and diet (P = 0.0004) by 2-way ANOVA. (D) Percentage of days in proestrus. Data are shown as mean 6 SEM. The Flox mice showed significant time and diet effects (P = 0.004 and 0.002, respectively). (E) Surge LH values during the afternoon (6 PM) of proestrus. The Flox mice showed significant time effect (P = 0.014). (F) GnRH stimulated LH release. Mice received GnRH (1 mg/kg) in the morning after 18 weeks on diets. Tail vein blood was taken before and 10 minutes after GnRH injection (GnRH, striped bars). Data are shown as mean 6 SEM. LH values showed a very significant GnRH effect (P , 0.0001) but no differences between groups. Asterisks indicate statistical significance by testing following 2-way ANOVA (* = P , 0.05, ***P , 0.001). n.s., not significant.
loss of PPARg did not cause astrocyte activation, but the janus kinase/signal transducer and activator of transcription (STAT) negative feedback regulator suppressor of cytokine signaling 3 (Socs3) showed an HFDdependent increase in the Flox mice but not the BKO [Supplemental Fig. 4(A) ]. Gnrh1 did not change with genotype or diet [Supplemental Fig. 4(B) ], whereas Kiss1 and Cart showed an HFD-dependent increase in expression in both genotypes, and Agrp showed an HFDdependent increase only in the Flox mice [Supplemental Fig. 4(B) ]. Other neuropeptide genes implicated in reproduction, including Npy, Npvf (GnIH), Tac2 (NKB), and Hcrt (orexinA), did not vary with diet or genotype.
Discussion
PPARg regulates a number of biological processes, including adipocyte differentiation, lipid and glucose homeostasis, and control of inflammatory responses. The effects in reproduction are less known, but PPARg actions have been demonstrated in the pituitary and ovary (24, 25) . Loss of PPARg in neurons in male mice reduces their food intake and body weight gain when fed a HFD and abolishes leptin resistance (5) . We show here that loss of neuronal PPARg in female mice also prevented HFDinduced leptin resistance, but in contrast to male mice, food intake and weight gain were normal, suggesting a sexually dimorphic feeding response. If the phenotype of the male BKO mice is due to the absence of leptin resistance, then the normal feeding behavior in female BKO mice might have a number of causes. It could indicate that HFD does not induce leptin expression in the BKO mice, that feeding is less sensitive to leptin feedback, or that different neuronal circuits control body weight or compensate for the loss of PPARg. The first explanation can be discounted, as leptin levels were increased equivalently in both genotypes. The second explanation is unlikely, as we observed that experimental suppression of food intake by leptin injection is no different between male and female mice. The notion that different neuronal circuits control feeding is supported by the observation that male and female mice have different food anticipatory responses (44, 45) , different relaxin 3-dependent alcohol consumption responses (46) , and different rewardrelated behaviors (47) . At the molecular level, SOCS3 mediates hypothalamic leptin resistance due to high-fat feeding (48, 49) , and we observed that Socs3 was increased in Flox mice fed a HFD, but not in the BKO mice, consistent with their leptin-sensitive phenotype. Other authors have shown that PPARg knockdown prevented Socs3 transactivation induced by docosahexaenoic acid (50) and that PPARg agonists were shown to induce Socs3 in glial cells and the pancreas (51, 52) . Leptin signaling via the leptin receptor (LepR) and STAT press.endocrine.org/journal/endoactivation is also required for induction of Socs3 in the hypothalamus (53), but how PPARg and STAT signaling combine to increase Socs3 expression is not known. Knockout of Socs3 in neurons using Syn-cre, the same transgene used in this report, or in whole brain using Nestin-cre, increases sensitivity for reduction of food intake or body weight following acute leptin treatment (49) . Interestingly, the whole brain knockout of Socs3 decreases body weight gain on HFD in both males and females and improves glucose and insulin tolerance in male mice (49) . This is consistent with our previous study in male Pparg knockout mice but inconsistent with the data presented here in females. Unfortunately, the authors do not present any data on body weight gain and glucose tolerance in the Syn-cre Socs3 knockout, and interpretation of the whole brain knockout is confounded by the loss of Socs3 in astrocytes.
At the reproductive level, female BKO mice went through puberty normally but were subfertile when mated over 6 months, with smaller litter size and frequency while on normal chow. The fertility defect was due to an ovulation defect, as BKO mice released fewer oocytes when superovulated. The Cre transgene is not expressed in the ovary, so we believe that the defect is central. Female BKO had a reduced number of LH surges but the surge LH concentrations were higher. The elevated LH surge values may be due to the elevated pituitary Lhb mRNA expression, but the reduced frequency of surges could be related to altered hypothalamic input. We also observed that the BKO mice presented with hemorrhagic follicles and corpora lutea and increased numbers of atretic follicles. The hemorrhage could have been due to the elevated surge LH, as ovarian hyperstimulation causes vascular leakage (54) . There also appeared to be a defect in luteolysis in the BKO with the persistence of regressing corpora lutea. When placed on an HFD, female Flox mice had a reduced number of estrous cycles and a reduction in the time spent in proestrus, but female BKO mice did not show this impairment, suggesting that the effect was centrally mediated and required functional PPARg in neurons. Obesity can also alter ovarian function (55) . Indeed, the dramatic reduction of aromatase (Cyp19a1) expression in obese mice is consistent with the elevated leptin, as leptin induces Cart expression in granulosa cells to lower Cyp19a1 expression (56) . Interestingly, aromatase down-regulation was not seen in the BKO, but we do not know whether this reflected a difference in leptin signaling in the ovary or whether the effect was centrally mediated. At the pituitary, we did not see a change in sensitivity to a bolus of GnRH, although it has been reported that obesity and/or hyperinsulinemia increase pituitary gonadotrope sensitivity to GnRH (43, 57) .
At the hypothalamic level, the LepR is not expressed in Gnrh1 neurons but is coexpressed in a subset of Kiss1 neurons that become leptin responsive after puberty (58) . Loss of LepR in mature neurons prevents puberty and causes infertility, but loss in Kiss1 neurons alone does not (59) . Leptin stimulates Kiss1 expression, so the effect of HFD on Kiss1 expression in our study may be mediated by the increased leptin levels in the obese animals. The observation that Kiss1 was elevated in both Flox and BKO mice also suggests that the Kiss1 neuron itself is not leptin resistant. Leptin normally suppresses AgRP neuronal activity and gene expression (19) , but diet-induced obesity causes leptin resistance and persistent activation of these neurons (60) , which is consistent with the observed increase in Agrp expression in obesity. Furthermore, ablation of AgRP neurons in LepR-deficient mice restores fertility, indicating a central role for AgRP in reproductive suppression due to leptin deficiency (23) . Interestingly, the only hypothalamic gene to show differential expression in the BKO mice was Agrp. The lack of induction of Agrp by HFD in the BKO mice suggests that PPARg mediates leptin resistance in AgRP neurons. A conditional knockout of the LepR in AgRP neurons causes increased adiposity, but neither a detailed analysis of reproductive function nor a study of the effect of HFD was performed (61, 62) . In support of our model, intraperitoneal administration of the PPARg agonist rosiglitazone increases Agrp mRNA in the ARC in hamsters and mice (63) . Furthermore, Agrp neurons are more responsive to low levels of leptin and are more prone to SOCS3 induction and leptin resistance (64) . GnRH neuron activity, rather than gene expression, may be restrained by PPARg through AgRP induction, as AgRP fibers form synapses on GnRH neurons in mice (65) and infusion of AgRP suppresses pulsatile LH release in ovariectomized monkeys (66).
In conclusion, the results presented here show that neuronal PPARg was necessary for normal LH surges and female fertility but was also involved in the adverse effects of diet-induced obesity on estrous cycles by creating leptin resistance in Agrp neurons potentially through induction of the repressor gene Socs3. Our data are consistent with clinical observations, as TZD therapy in women with PCOS decreases serum LH and increases ovulation rate (31, 32) . Further detailed studies using genetic deletions in specific neuronal populations will be necessary to dissect the individual contributions of PPARg, SOCS3, and AgRP to leptin resistance and reproductive function in cases of lipid excess and obesity.
